Summary To investigate the impact of organic N compounds for inorganic nitrogen uptake in the rhizosphere, we fed ammonium nitrate with or without amino acids (i.e., glutamine or arginine) to the roots of non-mycorrhizal beech (Fagus sylvatica L.) seedlings under controlled conditions at different levels of N availability. Uptake of individual N sources was determined from 15 N (inorganic N) and 15 N 13 C (organic N) accumulation in the roots. In addition, gene fragments encoding proteins involved in N uptake and metabolism were cloned from beech for gene expression analyses by quantitative real-time PCR in the roots. Generally, ammonium was preferred over nitrate as N source. Organic N sources were taken up by beech roots as intact molecules. Uptake of organic N was significantly higher than inorganic N uptake, thus contributing significantly to N nutrition of beech. Depending on the level of N availability, inorganic N uptake was negatively affected by the presence of organic N sources. This result indicates an overestimation of the contribution of inorganic N uptake to N nutrition of beech in previous studies. Apparently, association with mycorrhizal fungi is not essential for organic N uptake by beech roots. Gene expression analyses showed that transcriptional regulation of the amino acid transporters FsCAT3, FsCAT5, FsAAT and FsAAP and the ammonium transporter FsAMT1.2 in the roots is involved in N nutrition of beech.
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Introduction
Tree growth and development are limited by the availability of N in many temperate forest ecosystems not exposed to anthropogenic N deposition (Rennenberg et al. 1998 , Lovett et al. 2004 , Chapman et al. 2006 . Plants use a wide range of N forms to optimize N acquisition (Näsholm et al. 2009 ). Numerous studies under laboratory as well as field conditions have shown that plants acquire N not only as inorganic but also as organic N species (reviews by Näsholm et al. 2009 , Rennenberg et al. 2009 and references therein). However, only little is known about how different N forms interact, how this interaction may change with N availability and how N uptake is regulated at the molecular level (Gessler et al. 2004 , Rennenberg et al. 2009 ), in particular for temperate forest tree species.
In Central Europe, European beech (Fagus sylvatica L.) is the dominant tree species of the potential natural vegetation in moist to moderately dry areas of the sub-mountainous altitude range (Ellenberg 1996) . Nowadays, beech is favoured by forest practitioners and governments (e.g., Fotelli et al. 2001 , Gessler et al. 2007 ) since forest management practices in Central Europe have changed from supporting conifer monocultures to supporting mixed species stands thereby promoting the natural regeneration of deciduous tree species (e.g., Tarp et al. 2000 , Fotelli et al. 2001 . Inorganic N uptake has been investigated in beech under different environmental conditions, for example: drought (Fotelli et al. 2002) , varying soil temperature (Gessler et al. 1998a) , different rhizospheric NO concentrations (Simon et al. 2009a) , different soil substrates (Gessler et al. 1998a ), differences in climate (Gessler et al. 2005) , diurnal patterns , forest management (Gessler et al. 2005 ) and in competition with soil microorganisms ) or other plant species (Fotelli et al. 2002 , Simon et al. 2009b . In general, it has been found that ammonium is the main N form taken up by beech on soil substrates with high N availability (Gessler et al. 1998a ), whereas nitrate is favoured on substrates with limited N supply, in particular when ammonium availability is low , Simon et al. 2009b . Only recently, organic N uptake by beech has also been studied , Simon et al. 2009a , 2009b , but studies considering the interaction between inorganic and organic N sources for N uptake by beech roots and the regulatory processes involved have not been reported.
Nitrate uptake is regulated by several feedback inhibitors such as nitrate itself (Siddiqi et al. 1989 , King et al. 1993 and products of ammonium assimilation, in particular free soluble amino compounds (Imsande and Touraine 1994 , Muller et al. 1995 , Kreuzwieser et al. 1997 , Collier et al. 2003 . For example, if ammonium is present in sufficient amounts, nitrate uptake can be down-regulated completely probably due to the expansion of a cycling pool of amino acids (Kreuzwieser et al. 1997 , Gessler et al. 1998b . Nitrate uptake by beech roots seems to be particularly inhibited by glutamine. The inhibition of nitrate uptake may be released when N requirements are high (e.g., during fructification) by decreasing glutamine levels in the roots and also by cytokinins counteracting the inhibitory effect of glutamine Gessler 1999, Gessler et al. 2004) . These and other studies focussed mainly on the effects of plant internal organic N on nitrate uptake, while only little is known about the effect of organic N on inorganic N uptake by the roots and how this interaction might be altered with changing N nutrition. Information on the interaction between inorganic and organic N uptake is mainly available for herbaceous species (Thornton and Robinson 2005) , which exhibit different patterns of N uptake compared with forest trees (Rennenberg et al. 2009 ).
The varying availability of different forms of N depending on environmental conditions has resulted in different strategies in plants and ecosystems for minimizing N loss and optimizing N use efficiency to meet their N requirements (Rennenberg et al. 2009 (Rennenberg et al. , 2010 . The majority of higher plants live in symbiosis with mycorrhizal fungi (Chapman et al. 2006) , which are able to take up organic N sources such as glutamine, glutamate and alanine in similar amounts compared with ammonium (Abuzinadah and Read 1986 , Keller 1996 , Andersen et al. 2001 . The role of mycorrhizae for N uptake has mainly been investigated under field conditions (e.g., Lipson and Monson 1998 , Näsholm et al. 1998 , Persson and Näsholm 2001 ; but see Kreuzwieser et al. 1997) . For example, Näsholm et al. (1998) observed the uptake of glycine by the roots of several boreal forest species-including trees-with different types of mycorrhiza. Furthermore, Dannenmann et al. (2009) found a positive correlation between organic N uptake by mature beech trees and the abundance of the dominant mycorrhizal fungus Coenococcus geophilum, suggesting a significant role of this mycorrhizal fungus in organic N acquisition. However, the effect of organic on inorganic N uptake and the underlying molecular mechanisms have not been investigated in non-mycorrhizal trees. Although Kreuzwieser et al. (1997) studied the influence of ammonium and L-glutamate on nitrate uptake in non-mycorrhizal roots of beech seedlings, they did not study N uptake by roots of intact plants, nor did they investigate regulatory mechanisms.
Therefore, this study aimed to investigate (1) the influence of organic N uptake (i.e., glutamine or arginine) on inorganic N uptake in beech seedlings, (2) how the presence of organic N affects inorganic N uptake by beech roots at varying soil N availability, and (3) the significance of gene expression of N transporters for the regulation of N uptake. The amino acids glutamine and arginine were chosen because of their important role in plant N metabolism in general and beech in particular, where glutamine serves as the dominant transport amino acid and arginine constitutes a readily available N storage form (Schneider et al. 1996 , Gessler et al. 1998b ). For this study, genes encoding N transporters were selected that are considered to functionally participate in the uptake of glutamine, arginine or inorganic N.
Materials and methods

Plant material and growth conditions
Three-month-old non-mycorrhizal European beech (F. sylvatica L.) seedlings were grown from seeds (provenance 'Würt-tembergisches Fränkisches Hügelland') purchased from a commercial tree nursery (Sellner, Hohenstein-Oberstetten, Germany). Beech nuts were soaked in tap water overnight and germinated in moist clay pots at 4°C in the dark. Germinated nuts were soaked in a 0.1% sterilizing solution (0.1% fungicide (Proplant 'Dr. Staehler' (Staehler Deutschland GmbH & Co. KG, Stade, Germany), 0.1% Tween 80, and 0.1% tetracycline) for 12 h at room temperature to prevent fungal infection. After being washed with water three times, the beech nuts were grown in a previously autoclaved (121°C for 20 min) quartz sand mixture of two different grain sizes (0.06-0.2 and 0.7-1.2 mm, 8:2) for 3 months in a glasshouse under long day (16 h) conditions where temperature ranged from 24 to 14°C and humidity from 65% to 40% for day and night, respectively. Seedlings were watered twice a week with 150 ml of a modified MS medium (Kreuzwieser et al. 1997 
N uptake experiments
N uptake experiments were performed with approximately 3-month-old non-mycorrhizal European beech seedlings. The experiments were conducted in a climate-controlled growth chamber (HPS 1500, Heraeus-Voetsch, Balingen, Germany) under long day (16 h) conditions with temperature ranging from 20°C (day) to 18°C (night) and humidity from 80% (day) to 70% (night). Low light intensity (140-150 µmol m −2 s −1 directly above the leaves) was used to simulate the understorey environment of beech forests. Prior to the uptake experiments, beech seedlings were cleaned from the adherent soil particles, rinsed with distilled water, dried with cellulose paper and then placed in 0.6 liter pots where they acclimated in 250 ml artificial nutrient solution (20 Gessler et al. 1998a) according to the soil solution of an acidic soil substrate with high N availability in the Bavarian alpine upland (see Kreutzer and Weiss 1998) . After 3 days, the seedlings were transferred for 48 h to a pre-incubation solution that contained different N sources (i.e., inorganic with or without organic N sources) and N concentrations (i.e., limited, sufficient, excess N). Sufficient N concentrations were defined as 50 µM NH 4 Cl, 300 µM KNO 3 and 100 µM glutamine or arginine; limiting N concentrations as 5 µM ammonium, 30 µM nitrate and 10 µM glutamine or arginine; and excess N concentrations as 500 µM ammonium, 3000 µM nitrate and 1000 µM glutamine or arginine. Nutrient solutions were changed daily during the experiments. To prevent bacterial degradation of amino acids, ampicillin (10 mg l ) was added to the nutrient solution.
Net N uptake in roots of 3-month-old, non-mycorrhizal beech seedlings was examined using the 15 N enrichment technique described by Gessler et al. (1998a) . Plants were incubated for 1 h (from 12 to 1 pm) in 250 ml artificial soil solution (see above) that contained one of the following N sources: (1) only inorganic N sources, (2) 15 N label taken up may also be subject to efflux. Therefore, the technique employed measures net uptake rates (Kreuzwieser et al. 1997 ). Glutamine and arginine were chosen as the most abundant amino compounds in beech roots. In addition, unlabeled control solutions were used to account for the natural abundance of 15 N in the roots (n = 5). After incubation, root tips submersed in the incubation solution were cut off, washed twice with 0.5 mM CaCl 2 , dried with cellulose paper, shock-frozen in liquid N 2 and stored at −80°C until further analyses.
Quantification of 15 N in roots
For quantification of 15 N abundance in fine roots, aliquots were taken, fresh and dry weight (oven dried for 48 h at 60°C) determined and finely ground in liquid nitrogen. Aliquots of ∼0.5 mg were weighed into tin capsules (IVA Analysentechnik, Meerbusch, Germany) and analysed with an isotope ratio mass spectrometer (Delta V Plus, Thermo-Electron, Bremen, Germany) coupled to an elemental analyser (Vario EL, elementar Analysensysteme GmbH, Hanau, Germany). Isotope ratios are expressed as delta notation (‰), and instantaneous uptake rates per root biomass (µmol N g ) were calculated from the increase in 15 N abundance (Gessler et al. 1998a) . Amino acid uptake rates are calculated and presented on a nitrogen basis. Based on 13 C incorporated in root fresh weight, uptake rates of amino acids did not differ significantly from rates based on 15 N incorporation (data not shown), indicating that degradation of amino acids during the 1-h incubation time in the artificial soil solution or on the root surface did not take place.
Gene expression analysis
The methods used for gene expression analysis with realtime (RT)-quantitative polymerase chain reaction (qPCR) are described in detail in Simon et al. (2009a) . Total RNA was extracted from fine and coarse roots (N = 4 per treatment) of the beech seedlings according to Kiefer et al. (2001) . Amount and purity of the total RNA were determined (NanoDrop® ND-1000, Peqlab Biotechnology GmbH, Erlangen, Germany), and possible degradation was visualized via gel electrophoresis on 1% agarose gels. cDNA was synthesized using SuperScriptII Reverse Transcriptase (Invitrogen, Karlsruhe, Germany) according to manufacturer's instructions at a final poly (T)-primer concentration of 200 nM (Simon et al. 2009a ). In parallel, control reactions without the enzyme were run. Genes encoding putative N transporters (i.e., cationic amino acid transporter_3 (FsCAT3), cationic amino acid transporter_5 (FsCAT5), amino acid transporter (FsAAT), amino acid permease (FsAAP) and the ammonium transporter (FsAMT1.2)) and selected enzymes of N metabolism (i.e., nitrate reductase (FsNR), nitrite reductase (FsNiR), glutamine synthetase_1 (FsGS1) and NADP-dependent glutamate synthase (FsNADH-GOGAT)) from beech were cloned as previously described by Simon et al. (2009a) . Gene sequences of interest were identified in silico in the Arabidopsis thaliana and Populus trichocarpa genome databases (http://www.arabidopsis.org and http://genome.jgi-psf.org/Poptr1/Poptr1.home.html). After alignment of candidate sequences from A. thaliana and P. trichocarpa using ClustalW (Thompson et al. 1994) , conserved regions were identified and priming sites selected (see Simon et al. 2009a) . After amplification of chosen sequences via PCR, DNA segments were cloned into pCR.2.1 vector (Invitrogen, Karlsruhe, Germany) and sequenced (MWG Biotech AG, Ebersberg, Germany). The beech DNA sequences were compared with corresponding genes in the A. thaliana and P. trichocarpa databases using BiologyWorkbench (http:// www.workbench.sdsc.edu/). RT-qPCR was performed as described in Simon et al. (2009a) , and transcript levels were related to the quantity of total RNA used for reverse transcription. α-Tubulin and 18S rRNA were used as reference genes. The accession numbers of all sequences can be found in the NCBI database (http://www.ncbi.nlm.nih.gov) and are also given in Simon et al. (2009a) .
Statistical analyses
Normality tests and Levene's test for homogeneity of variance were performed for all parameters using SPSS 17.0 (SPSS Inc., Chicago, IL). Data were transformed, where necessary, to satisfy the assumptions of normality. To detect differences between treatments, as well as potential correlations between N uptake and gene expression, two-sample t-tests, . Different small letters indicate significant differences between the N forms within one N treatment (i.e., only inorganic, plus glutamine or plus arginine) between ammonium, nitrate, glutamine/arginine (P ≤ 0.050). Different capital letters indicate significant differences between the N treatments within one N source (i.e., nitrate or ammonium) (P ≤ 0.050). Greek symbols indicate significant differences within the N sources (e.g., only nitrate) between the N supply treatments (i.e., limiting, sufficient, excess) (P ≤ 0.050).
one-way ANOVAs and regression analyses were conducted using SPSS 17.0.
Results
To determine the variation of inorganic N uptake by the roots of non-mycorrhizal beech seedlings, N uptake experiments were conducted using 15 N-labeled ammonium or nitrate with varying N availability (i.e., limiting, sufficient or excess N). In the following, the effects of glutamine as the main N transport form and arginine as the main N storage form on ammonium and nitrate uptake by roots of beech seedlings and underlying regulatory mechanisms are presented.
Effects of soil N availability on ammonium and nitrate uptake
In the absence of amino acids, availability of N had a significant effect on ammonium (P = 0.003) but not on nitrate uptake. Ammonium uptake increased significantly from 0.429 ± 0.150 to 4.297 ± 1.822 µmol N g −1 fw h −1 (Figure 1) with rising N supply. In contrast, uptake rates of nitrate were generally lower and increased from 0.330 ± 0.279 to 1.164 ± 0.766 µmol N g −1 fw h −1 , but this increase was not significant (Figure 1 ). Comparing ammonium and nitrate uptake, uptake of ammonium was significantly higher than uptake of nitrate but only at sufficient and excess N supply (P = 0.033 and P = 0.015, respectively) ( Figure 1 ). The amounts of mRNA transcripts increased significantly with rising soil N supply only in the genes encoding nitrite reductase FsNiR, glutamine synthetase FsGS1 (both from limited to excess N; P ≤ 0.008 and P ≤ 0.002, respectively) and the amino acid transporter FsAAT (from sufficient to excess N; P = 0.037) (see Figures 2 and 3) . FsCAT3 showed the highest levels of gene expression regardless of N availability, whereas FsCAT5 and FsAAT showed the lowest. Expression levels of genes encoding enzymes of N metabolism were highest for FsNiR and FsGS1 at excess N supply but did not vary significantly in the other N treatments.
Influence of glutamine on inorganic N uptake with varying soil N availability
In the presence of glutamine, the uptake of nitrate, ammonium and also glutamine increased significantly with rising N availability (P ≤ 0.003) (Figure 1 ). Comparing the N uptake rates between the different N forms, we found no significant difference at limiting N supply. However, at sufficient and excess N availability, ammonium and glutamine uptake were significantly higher than that of nitrate, and at excess N supply glutamine N uptake was significantly higher than that of ammonium. A negative effect of glutamine on nitrate uptake (P ≤ 0.023) was only observed at excess N availability. Ammonium uptake was significantly decreased regardless of N supply in the presence of glutamine (P ≤ 0.017) (Figure 1 ).
In the presence of glutamine, mRNA transcript amounts decreased significantly with N availability for genes encoding the transporters FsAMT1.2 (limiting to sufficient N supply), FsCAT3 (sufficient to excess N supply) and FsCAT5 and FsAAP (limiting to sufficient/excess N supply) (P ≤ 0.022) (Figure 2 ). The highest level of expression was again found in FsCAT3, the lowest in FsCAT5. Furthermore, mRNA transcript abundance decreased significantly for all four investigated enzymes of N metabolism from limiting to sufficient N supply (P ≤ 0.003). FsNiR increased significantly from sufficient to excess soil N availability (P = 0.013). The presence of glutamine resulted in a decrease in expression levels of the transporter genes FsCAT3 (limiting and excess N supply, P ≤ 0.025), FsAMT1.2 (only excess N supply, P = 0.017) and FsCAT5 (only excess N supply, P = 0.021) and an increase in FsAAT (limiting and sufficient N supply, P ≤ 0.012). Expression levels of genes encoding enzymes of N metabolism were positively affected by the presence of glutamine in FsNiR (only limiting N supply, P = 0.001) and negatively in FsGS1 (only excess N supply, P = 0.008) and FsGOGAT (regardless of N supply, P ≤ 0.031) (Figures 2 and 3) .
Influence of arginine on inorganic N uptake with varying soil N availability
In the presence of arginine, similar patterns were found for inorganic and organic N uptake with changing soil N availability. Nitrate and ammonium uptake increased significantly from limiting to excess N supply (P = 0.017 and P < 0.001). This was also observed for arginine N uptake (P ≤ 0.001) (Figure 1 ). Comparing the N uptake rates between the three N forms, we found a similar pattern to that under the influence of glutamine in the soil solution. At limiting N availability, N uptake rates of nitrate, ammonium and arginine did not differ significantly. Rates of arginine N uptake were higher than nitrate or ammonium uptake at sufficient N supply. At excess soil N availability, ammonium uptake was significantly higher than that of nitrate and, in contrast to glutamine uptake, was similar to that of arginine (Figure 1 ). Arginine had a strong negative influence on ammonium uptake (P < 0.001) regardless of N supply (Figure 1) . However, nitrate uptake was not affected by the presence of arginine regardless of N supply.
mRNA transcript amounts decreased significantly with rising N supply in the presence of arginine only in the transporter genes FsCAT3 and FsCAT5 (P ≤ 0.047) but not in other genes encoding N transporters or enzymes of N metabolism (Figures 2 and 3 ). Again, the highest level of expression was found in the gene encoding the transporter FsCAT3, the lowest in FsCAT5. The presence of arginine led to a decrease in expression levels of the transporter genes FsCAT3 (limiting and excess N supply, P ≤ 0.029) and FsAMT1.2 (only excess N supply, P = 0.041) and genes encoding enzymes of N metabolism FsGOGAT regardless of N supply (P ≤ 0.035). An increase in FsNiR was observed in the presence of arginine at limiting N availability (P ≤ 0.018) (Figures 2 and 3) .
Overall, we found significant negative correlations between glutamine uptake and the mRNA transcript amounts . Different small letters indicate significant differences between the N forms within one N treatment (i.e., only inorganic, plus glutamine or plus arginine) between ammonium, nitrate, glutamine/arginine (P ≤ 0.050). Different capital letters indicate significant differences between the N treatments within one N source (i.e., nitrate or ammonium) (P ≤ 0.050). Greek symbols indicate significant differences within the N sources (e.g., only nitrate) between the N supply treatments (i.e., limiting, sufficient, excess) (P ≤ 0.050).
of genes encoding the FsCAT5 transporter (r 2 = 0.577, P = 0.024). Similarly, we found significant negative correlations between arginine uptake and transcript levels of FsCAT5 (r 2 = 0.661, P = 0.007), FsCAT3 (r 2 = 0.743, P = 0.002) and FsAAP (r 2 = 0.605, P = 0.017), whereas arginine uptake and transcript levels of FsNiR showed a significant positive correlation (r 2 = 0.584, P = 0.022).
Discussion
Differential use of inorganic and organic N sources by nonmycorrhizal beech roots is restricted to sufficient and excess N supply
Previous studies with mycorrhizal and non-mycorrhizal European beech seedlings or trees indicate that the roots of this species exhibit a preferential uptake of reduced N compared with nitrate and a preferential uptake of amino compounds compared with ammonium (Kreuzwieser et al. 1997 , Rennenberg et al. 2009 ). The present study shows that this preference of beech roots is dependent on N availability. Under limiting N conditions in the soil solution, N is taken up in all available N forms without specific preference. This high flexibility fulfils the requirement of optimal N use of a species such as beech frequently exposed to limiting N availability at the ecosystem level in its natural environment (Rennenberg et al. 2009 ).
Influence of amino acids on inorganic N uptake in nonmycorrhizal beech seedlings with varying soil N availability
The uptake of both nitrate and ammonium was decreased in the presence of glutamine or arginine. Several N compounds (e.g., nitrate, ammonium, glutamine) have been reported to inhibit nitrate uptake by trees (e.g., Muller et al. 1995 , Kreuzwieser et al. 1997 , Näsholm et al. 2009 ). Nitrate supply was found to repress high-affinity nitrate transport and the expression of NRT2.1 and NRT2.2 involved in high-affinity nitrate transport. This repression was highly dependent on the glutamine concentration of the roots (Glass et al. 2002 , Nazoa et al. 2003 . In our study, nitrate uptake was only negatively affected in the presence of glutamine at excess N availability. Therefore, glutamine may only play a regulatory role in N nutrition of beech at high N availability. This conclusion is consistent with the observation of Nazoa et al. (2003) that increased internal glutamine concentrations act as an inhibitor of nitrate uptake. In addition, we did not find a significant effect of arginine on nitrate uptake in beech roots similar to previous results by Gessler et al. (1998b) . The mRNA transcripts of the gene encoding the nitrate transporter FsNRT were affected neither by glutamine nor by arginine. Thus, nitrate uptake seems to be inhibited in beech at high glutamine availability at the post-transcriptional level. In addition, the presence of ammonium in all treatments of this study may have down-regulated transcription of FsNRT. This conclusion is consistent with previous experiments on nitrate uptake of beech in the presence of ammonium (Kamminga-van Wijk and Prins 1992, Kreuzwieser et al. 1997 , Gessler et al. 1998a ). However, since only one nitrate transporter, i.e., FsNRT, was cloned for beech and investigated in this study, differential regulation of different nitrate transporters cannot be excluded. In the present study, ammonium uptake was decreased in the presence of glutamine or arginine regardless of N availability. Whereas inhibition of ammonium uptake and expression of the gene encoding the ammonium transporter AtAMT1 in the presence of glutamine has previously been reported (Causin and Barneix 1994, Rawat et al. 1999) , this is the first study indicating that arginine is also able to mediate such an inhibition. Arginine is thought to constitute a mobile, readily available N storage amino acid exchanged between roots and the shoot of trees by xylem and phloem transport (Gessler et al. 1998b , Rennenberg et al. 2010 . Apparently, this amino acid is also involved in the regulation of N nutrition.
Different gene expression patterns of N transporters show different strategies of N acquisition
Inorganic and organic N uptake is mediated by a range of high-and low-affinity transporters (e.g., Liu and Bush 2006 , Rentsch et al. 2007 , Näsholm et al. 2009 , Rennenberg et al. 2010 . In this study, we investigated the gene expression patterns of five transporters involved in N uptake. In Arabidopsis, CAT5 and CAT3 were expressed in the roots and other plant organs (Su et al. 2004) . Rentsch et al. (2007) described AtCAT5 as a high-affinity amino acid transporter located in the plasma membrane. The other transporters of this study are, to date, not sufficiently described to ensure their participation in N uptake via the roots. Nevertheless, these N transporters showed different gene expression patterns in response to N nutrition suggesting different strategies in N uptake.
(1) Expression of the N transporter gene is independent of the level of N availability. The relatively unspecific amino acid transporter FsCAT3 (Figure 2 ) seems to fulfil this role. Its high mRNA transcript abundance compared with the other investigated amino acid transporters at all N nutrition levels indicates a general role in N nutrition. Furthermore, in the presence of amino acids in the soil solution, expression of the FsCAT3 gene is down-regulated, although organic N uptake increased (compare Figures 1  and 2 ). This finding suggests a reduced significance of this transporter for N nutrition when specific amino compounds become available. (2) In the presence of glutamine or arginine, gene expression is inhibited dependent on N availability (FsCAT5, FsAAP and FsAMT1.2, see Figure 2 ). Like FsCAT3, FsCAT5 and FsAAP are non-specific amino acid transporters, and gene expression is repressed in the presence of amino acids. However, this is only observed at excess N availability. These changes in transcript abundance coincide with increasing uptake rates of glutamine and arginine at rising N availability, and a negative relationship between arginine or glutamine uptake and the transcript abundance of . Different small letters indicate significant differences between the N forms within one N treatment (i.e., only inorganic, plus glutamine or plus arginine), between ammonium, nitrate, glutamine/arginine (P ≤ 0.050). Different capital letters indicate significant differences between the N treatments within one N source (i.e., nitrate or ammonium) (P ≤ 0.050). Greek symbols indicate significant differences within the N sources (e.g., only nitrate) between the N supply treatments (i.e., limiting, sufficient, excess) (P ≤ 0.050).
the FsCAT5 gene was observed. Consistent with these findings, CAT5 was described as a high-affinity transporter for cationic amino acids in Arabidopsis (Frommer et al. 1995 , Su et al. 2004 , Verrey et al. 2004 . In the present study, a similar gene expression pattern was also found for the ammonium transporter FsAMT1.2, indicating that the negative effect of amino acids on ammonium uptake is mediated by transcriptional regulation of this transporter. Similarly, Couturier et al. (2007) found a negative correlation between the transcript abundance of AMT1.2 and the glutamine concentration in poplar. Furthermore, Rawat et al. (1999) showed for A. thaliana that the regulation of ammonium uptake is strongly related to the transcript levels of AMT1.1, which is regulated by glutamine. (3) Gene expression is activated in the presence of glutamine rather than inhibited (FsAAT, see Figure 2 ). Although a significant correlation between glutamine uptake and transcript levels of FsAAT was not observed in the present study, a function in glutamine transport may be indicated by the only weak but significantly negative correlation with the transcription of its probable counterpart FsCAT3. Furthermore, AAT has been characterized as a glutaminespecific transporter in rat (Varoqui et al. 2000) . (4) A significant influence on expression levels is found neither by substrate nor by N availability. This was observed for the nitrate transporter FsNRT and is consistent with the large body of evidence indicating that the activity of NRT genes is regulated at the posttranscriptional level by phosphorylation/dephosphorylation processes (Forde 2000) .
Apparently, trees have developed a multitude of different amino acid transport systems (Rentsch et al. 2007 , Näsholm et al. 2009 ) that differ functionally and show a high variation in spatial and temporal expression patterns and also substrate specificity (Liu and Bush 2006, Näsholm et al. 2009) . From the present results, it cannot be excluded that additional transporters not yet identified are also involved in N uptake of beech roots or that beech amino acid transporters exhibit different selectivity compared with Arabidopsis amino acid transporters. Although in Arabidopsis these amino acid transporters are non-selective, for beech the selectivity of these transporters has not been investigated and, thus, needs further studies.
Interaction of N uptake and assimilatory nitrate reduction in the roots
Plants reduce inorganic N sources via assimilatory nitrate reduction. This process preferentially takes place in the leaves of herbaceous plants and in the roots of many woody plant species (Crawford 1995) . As an initial step of assimilatory nitrate reduction, nitrate is irreversibly reduced via nitrate reductase (NR) to nitrite in the cytosol of epidermis and cortex cells of roots (Crawford 1995) . In our study, transcript levels of FsNR were influenced by the presence of glutamine but not arginine, indicating that nitrate reduction and assimilation in beech roots is strongly down-regulated by the initial products of this process but not by products of N storage such as arginine. Nitrate reduction is also regulated by cytokinin levels and environmental factors such as light availability (Crawford 1995 , Campbell 1999 ). This regulation is mediated at the transcriptional and the post-transcriptional level via a phosphorylation/dephosphorylation mechanism and inhibitory proteins (e.g., Huber et al. 1994 , Crawford 1995 , McKintosh et al. 1995 . Nitrite, produced by NR activity, is transported into the plastids and then reduced to ammonium catalysed by nitrite reductase (NiR). This process is strongly regulated because NiR activity prevents the accumulation of toxic nitrite levels in the plant (Duncanson et al 1993) . Consistent with this role, we found that mRNA amounts of FsNiR increased under excess N availability regardless of N composition of the soil solution. Finally, the integration of ammonium into organic molecules takes place via the glutamine synthetase (GS)/glutamate synthase (GOGAT) complex. Our results show that the transcription of genes encoding FsGS1/ GOGAT is repressed in the presence of glutamine. Since glutamine is the immediate product of GS activity, this indicates product inhibition to save valuable plant resources. Interestingly, arginine, which plays a role as N storage form and is not an immediate product of GS/GOGAT activity exhibits a similar effect on the transcription of genes encoding FsGS1/ GOGAT.
Conclusions
Beech seedlings take up N in the form of inorganic N sources as well as glutamine and arginine, both as intact molecules. Organic N is preferred over inorganic N, but this preference strongly depends on N availability. Organic N uptake has a significant effect on ammonium but not nitrate uptake in non-mycorrhizal beech seedlings regardless of N availability. Furthermore, organic N transport into the roots of beech seedlings is maintained by a range of different transporters; the expression of these transporters is dependent on substrate specificity (selectivity) and N nutrition. The expression of all studied N transporter genes, except for the nitrate transporter gene FsNRT, is either inhibited or, in the case of FsAAT, activated in the presence of glutamine indicating different contributions of different transporters to N nutrition.
